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Accepted 8 November 2016In this work the electrochemical behavior of 6-mercaptopurine (6-MP) onMWCNT-CTABmodiﬁed glassy carbon
electrode (GCE) is reported in a phosphate buffer solution, pH 3.0. Cyclic voltammetric studies indicated that the
oxidation process is irreversible and diffusion-controlled. The number of electrons exchanged in the electro-ox-
idation process was obtained, and the data indicated that 6-MP is oxidized via a two-electron step. The results
revealed thatMWCNT-CTABmodiﬁed GCE promotes the rate of oxidation compared to the bare GCE, by increas-
ing the peak current. The electron-transfer coefﬁcients and heterogeneous electron-transfer rate constants for 6-
MPwere reported usingmodiﬁed GCE. A sensitive, simple, and timesaving linear sweep voltammetric procedure
was developed for the analysis of 6-MP, using the MWCNT-CTAB/GC electrode. 6-MP can be determined with a
detection limit of 8.41 × 10−9 M in the range of 5.0 × 10−7 M to 3.0 × 10−6 M with the proposed method. The
developed method was successfully applied in real sample analysis.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Calibration1. Introduction
Electrochemical sensors constructed by modiﬁed electrodes have
been proven as an inexpensive and simple analytical method with re-
markable detection sensitivity, reproducibility, and ease of miniaturiza-
tion rather than other instrumental analysis methods [1–4]. They have
found a vast range of important applications in the ﬁelds of clinical, in-
dustrial, environmental, and agricultural analyses [5–7]. Drug analysis is
one of the important tools for drug quality control. Therefore, the devel-
opment of a simple, sensitive, rapid, and reliable method for the deter-
mination of drugs is of great importance [8–27].
6-Mercaptopurine (6-MP) is one of the major drugs used in the
maintenance therapy of acute lymphocytic leukemia. It is activated to
thioinosine monophosphate and then metabolized extensively to
thioinosine, thioxanthine, and thioguanine nucleotides, methylthio de-
rivatives, and thiouric acid [28–31]. The mechanisms of cytotoxicity in-
clude inhibition of purine pathways and incorporation of thioguanine
into DNA [32]. It is found that the 6-MP plasma concentrations are un-
expectedly low and highly variable with marked individual differences.
By using standardized treatment regimens for somepatients, the drug is
difﬁcult to keep in an optimal plasma level [33–35]. As a result, the use
of a universal “target dose” based on weight is not optimal and the de-
termination of 6-MP over time becomes very important. We could).
. This is an open access article underindividualize dosage regimens in order to ensure the adequate drug
exposure.
Various methods, including high performance liquid chromatogra-
phy (HPLC) [36,37], capillary electrophoresis [38–40], electrochemical
methods [41–43] ﬂuorescence [44] and spectrophotometric methods
[45] have been used for the detection of 6-MP in plasma and urine.
However, there still remains certain limitations in spectroﬂuorometric
and chromatographic methods that include selecting a suitable column
ormobile phase,ﬁnding a suitable reactant for the post-column reaction
(in order to increase sensitivity) in liquid chromatography, and facing
many interfering substances in spectroﬂuorometric methods. Most of
the methods were reported to suffer from disadvantages such as
complicated procedure, long response time, a requirement of expensive
instruments, and lowdetection capability. On the other hand, electroan-
alyticalmethods have attractedmore attention in recent years for deter-
mination of environmental and biological compounds due to their
sensitivity, accuracy, low cost, and simplicity [46–49].
Nanomaterials have received great attention in recent years in dif-
ferent ﬁelds due to their enormous potential. Among them, carbon
nanotubes (CNTs) have become the subject of intense investigation
since their discovery in 1991 by Iijima [50]. Such considerable interest
reﬂects the unique behavior of CNTs, including their remarkable electri-
cal, chemical, mechanical and structural properties that make them a
very attractive material for a wide range of applications [51–53]. How-
ever, one of themajor issue facing is the difﬁculty to disperse them. Sur-
face modiﬁcations and addition of surfactants or polymers arethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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successful way to disperse multiwalled carbon nanotube (MWCNT)
within cetyltrimethylammonium bromide (CTAB) surfactant. In this
procedure, the surfactant is adsorbed on the surface of MWCNTs, and
subsequent ultrasonication of the solution,which takes severalminutes,
will cleave apart their aggregations and debundle nanotubes by steric or
electrostatic repulsions resulted from the charge of surfactant hydro-
philic groups [54–56]. The resulted electrochemical sensors exhibited
high sensitivity, rapid response, good reproducibility, low detection
limit, renewal of the surface and freedom from other potentially inter-
fering species.
2. Experimental
2.1. Reagents and chemicals
6-Mercaptopurine and multi walled carbon nanotubes (MWCNTs)
powder was purchased from Sigma Aldrich. CetyltrimethylammoniumFig. 1. AFM topography of MWCNTs (A), AFM topography of MWCNT-CTAB sample (B).bromide was purchased from Merck. A solution of 6-mercaptopurine
was prepared by dissolving an appropriate amount of powdered sample
in double distilled water. Double distilled water was used throughout
thework. All other solvents andmaterials usedwere of analytical grade.
2.2. Instrumentation and analytical procedure
The electrochemical experiments were performed with a CHI630D
Electrochemical analyzer with a three electrode system. A MWCNT-
CTAB/GCE serves as the working electrode, a platinum wire as the
auxiliary electrode, and an Ag/AgCl (3.0 M KCl) as the reference elec-
trode, respectively. pH measurements were performed with Elico
LI120 pH meter (Elico Ltd., India). Experiments were carried out at
room temperature.
The parameters for differential pulse voltammetry (DPV) were
initial potential: 0.0 V; ﬁnal potential: 0.8 V; increase potential:
0.004 V; amplitude: 0.05 V; frequency: 15 Hz; quite time:2 s;
sensitivity:1 × 10−4 A/V.
2.3. Preparation of modiﬁed electrode
To get reproducible results, great care was taken in the electrode
pre-treatment. The GCE was pre-treated in two ways: (i) mechanical
polishing over a velvet micro-cloth with 0.3 and 0.05 m alumina slurry
and (ii) electrochemical treatment by applying a potential of 1.25 V
for 2 s. The electrochemical pre-treatment was done in the same
supporting electrolyte solution in which the measurement was carried
out. After that 10 μL of solution containing 0.3 g/L MWCNTs and
0.2 g/L CTAB, which was sonicated for 60 min was placed on the GCE
surface and then evaporating it in an oven at 50 °C. The ultrasonication
of MWCNTs via CTAB will lead to the dispersion of nanotubes, and ﬁx
the surfactants on the surface of MWCNTs [57]. It can be described
that the cationic surfactant will make the nanotubes positively charged;
these chargedMWCNTs are driven towards cathode to form a thin layer
at the electrode surface.
Eventually, the coated electrodes (MWCNTs-CTAB/GCE) were im-
mersed in the bicarbonate solution (0.01 M) for 30 min in order to ex-
tract the residual surfactants from the surface of electrode. The
modiﬁed electrodes were washed with distilled water and dried in
room temperature (MWCNTs–GCE). Fig. 1 shows surface morphology
of photography AFM images of MWCNT and MWCNT-CTAB.
The Fourier transform infrared (FT-IR) spectroscopy of MWCNT
and MWCNT-CTAB modiﬁed electrodes were measured with a
Thermo Nicolet Avatar 360 FT-IR Spectrometer within the range ofFig. 2. CV curves in 0.2M phosphate buffer solution containing 1.0 × 10−4M 6-MP at bare
GCE(a), MWCNT/GCE(b), WMCNT-CTAB/GCE(c). The accumulation time and scan rate
were 2 s and 50 mV s−1 respectively.
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in Supplementary Fig. S1. The addition of cationic surfactant (CTAB)
for charging and dispersing the nanotubes affected the peaks that(4)
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Fig. 3. (a) CVs of 1.0 × 10−4M6-MP at theMWCNT-CTAB/GCE in various pHs (from3 to 9.2: (1)
oxidation peak potential (Epa) and (c) the oxidation peak current (Ipa) with pH solution; scan ra
of peak current on the pH of the solution.appeared in the FT-IR spectra. The broad peak at 3430 cm−1 is attribut-
ed to the O\\H stretching bondwhich is due to the water absorption of
the carbon material in the atmosphere. The weak peak observed in all(1)
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Fig. 4. (a). CVs of 1.0 × 10−4 M 6-MP at the MWCNT-CTAB/GCE at different scan rates in
0.2 M PBS (pH 3.0), (b) the plot of log Ipa(10−4A) vs. log v (V s−1) and (c) variation of
peak potential (Epa) with log v (V s−1). (b) Relationship between log Ipa vs. log scan
rate. (c) Relationship between Epa vs. log scan rate.
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due to the impurities of carbon and MWCNTs. The peaks at around
2923 and 2853 cm−1are related to the symmetric alkane stretching of
C\\H bond, the intensity of which is higher in the MWCNTs-CTAB/
GCE due to the presence of the surfactants. Also the peaks appearing
at around 1468 and 1256 cm−1attributed to the CH2 (alkane bending)
and C\\N amine bond which are exclusively observed in the
MWCNTs/CTAB–GCE sample due to the existence of the surfactants.
2.4. Plasma sample preparation
Human plasma sample was prepared as described in the earlier re-
port of our work [58]. Human blood samples were collected in dry and
evacuated tubes (which contained saline and sodium citrate solution)
from a healthy volunteer. The samples were handled at room tempera-
ture and were centrifuged for 10 min at 1500 rpm for the separation of
plasma within 1 h of collection. The samples were then transferred to
polypropylene tubes and stored at−20 °C until analysis. The plasma
samples, 0.2 mL, were deprotonised with 2 mL of methanol. After
vortexing for 15 min, the mixture was then centrifuged for 15 min at
6000 rpm, and supernatants were collected.
3. Results and discussion
3.1. Electrochemical behavior of 6-MP
The electrochemical behavior of 6-MP at MWCNT-CTAB/GCE was
studied by cyclic voltammetry (CV) at pH 3.0. The cyclic voltammo-
grams obtained for 0.1 mM 6-MP solution at a scan rate of 50 mV s−1
exhibits a well-deﬁned anodic peak at about 0.485 V at MWCNT-
CTAB/GCE, intensity of the peak obtained is better compared to the
peaks at MWCNT/GCE and bare GCE. The results are shown in Fig. 2.
On the reverse scan, no corresponding reduction peakwas observed in-
dicating that, the electrode process of 6-MP is an irreversible one. The
voltammograms corresponding to the ﬁrst cycle was generally
recorded.
3.2. Amount effect of MWCNT-CTAB suspension
The effect ofMWCNT-CTAB suspension amount on the electrochem-
ical behavior of 6-MP. The results suggested that amount of MWCNT-
CTAB suspension inﬂuenced the current responses of 6-MP was exam-
ined. Supplementary Fig. S2 demonstrates the relationship between
the oxidation peak current of 6-MP and the amount of MWCNT-CTAB
suspension used for coating GC electrode. As can be seen, the peak cur-
rent gradually increased with increasing the amount of MWCNT-CTAB
suspension from 0 to 10 μL, owing to the increased effective electrode
surface area for 6-MP oxidation. Further increasing the amount of
MWCNT-CTAB suspension, the peak current almost remains stable.
However, when it exceeds 14 μL, the peak current decreases. When
the coating ﬁlm is too thick, the ﬁlm no longer adheres tightly to the
glass carbon, reducing conductivity and part of the MWCNT-CTAB
leaves the electrode surface. More excessively coated amount of
MWCNT-CTAB suspension leads to less adherent ﬁlm. Accordingly,
10 μL of MWCNT-CTAB suspension solution providing the maximum
current response was used in further experiments. The amount of sus-
pension of MWCNT-CTAB had little effect on the oxidation potential of
6-MP.
3.3. Effect of pH
The effect of varying pH of buffer solution on the electrochemical
behavior of 6-MP at MWCNT-CTAB/GCE was performed using CV in
0.1 M PBS. Fig. 3(a) depicts the response of peak current and poten-
tial of 6-MP to pH. The peak potential was shifted negatively when
the solution pH was increased and a good linear relationship wasobserved between the Ep and pH values (in the range of 3–11.2,
Fig. 3(b) with the following equation:
Epa Vð Þ ¼−0:052pHþ 0:602; R2 ¼ 0:986
 
ð1Þ
A value of about−52 mV/pH unit clearly indicates that equal num-
bers of electrons and protons are involved in the electro-oxidation of 6-
MP on the surface of themodiﬁed electrode [59]. On the other hand, the
anodic peak current of 6-MP was maximum for pH 3.0, and then de-
creased with higher pH value (Fig. 3c). Therefore, phosphate buffer
Fig. 5. The linear sweep voltammograms of increasing of 6-MP concentration(a–f: 50–
300 μM) (inset: plot of peak current vs. concentration).
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determinations.
3.4. Effect of potential scan rate
Useful information involving electrochemical mechanism usually
can be gained from the investigation of CVs in the different potential
sweep rates. Therefore, the CV investigations for 0.1 mM 6-MP were
performed on the surface of theMWCNT-CTAB/GCE in buffered solution
of pH 3.0 at different potential sweep rates. Fig. 4 (a) illustrates the in-
ﬂuence of scan rate on the cyclic voltammograms of 6-MP in the range
of 25–300 mV s−1. A slope of 1.217 was revealed for the linear relation
between the log Ipa and the log v (Fig. 4(b)) indicating a adsorption con-
trolled process [60] on the surface of themodiﬁed electrode. The regres-
sion equation for this relationship is.
logIpa 10
−4A
 
¼ 1:217 logv Vs−1 þ 2:765 R2 ¼ 0:981  ð2Þ
The relationship between the oxidation peak potential and loga-
rithm of scan rate is shown in Fig. 4(c). It can be seen that the oxidation
peak potential shifts positively with increasing scan rate. There is a lin-
ear relationship between Epa and the logarithm of the scan rate, Eq. (3).
Such a behavior reveals the irreversible nature of the electrochemical
process for 6-MP. Furthermore, only an oxidation peak was observed
even at low scan rates, suggesting that the electrode reaction of 6-MP
under these conditions was totally irreversible:
Epa Vð Þ ¼ 0:0661 logv Vs−1
 þ 0:631 R2 ¼ 0:996  ð3Þ
As for an irreversible electrode process, according to Laviron [61], Epa
is deﬁned by the following equation
Epa ¼ E00 þ 2:303RT
αnF
 
log
RTk0
αnF
 !
þ 2:303RT
αnF
 
log v ð4Þ
where α is the transfer coefﬁcient, k0 the standard heterogeneous rate
constant of the reaction, n the number of electrons transferred, v the
scan rate and E0' is the formal standard redox potential. Other symbols
have their usual meaning. Thus value of αn can be easily calculated
from the slope of Ep vs. log v plot. In this system, the slope is 0.0661, tak-
ing T= 298 K, R= 8.314 JK−1 mol−1, and F = 96.480C mol−1, the αn
value was calculated to be 1.9358. Taking α= 0.5 number of electrons
(n) transferred in the electro-oxidation of 6-MP was calculated to be
1.94–2. The value of k0 can be determined from the intercept of theN N
N
NHSH
H
N N
N
NHSH
N
N
SH
N N
N
H
NHSH
O
-H+
..
..
Scheme 1. Probable electrprevious plot, if the value of E0' is known. The value of E0' in Eq. (4)
can be obtained from the intercept of Epa vs. v curve by extrapolating
to the vertical axis at v = 0 [62]. In our system, the intercept for Epa
vs. log v plot was 0.631 and E0' was obtained to be 0.463 and the k0
was calculated to be 10.117 × 103 s−1.
3.5. Mechanism
In the proposedmethod, the electro-oxidation of 6-MP involves two
electron and two proton transfer process. Probable electro-oxidation
mechanism is as shown in Scheme 1, which is supported by earlier re-
port [63].
3.6. Analytical application
The LSVmethodwith high current sensitivity and low charging con-
tribution to the background current was applied to estimate the lower
limit of detection in the electrochemical determination of the 6-MP.
We applied LSV method to vary the concentration of 6-MP, since peak
sensitivity observed by LSV method is better compared to DPVmethod.
The LSV grams obtained with increasing of 6-MP concentration show
that the peak current increased linearly with increasing of 6-MP con-
centration (Fig. 5). The calibration curve for the LSV peak current in 6-N N
N
NHSH
N
NH
O
H
N N
N
NHSH
O
H
-2e-
H2O
OH-
+
-H+
o-oxidation of 6-MP.
Table 2
(a). Application of LSV to the determination of 6-MP in spiked human plasma sample. (b).
Application of LSV to the determination of 6-MP in spiked human urine sample.
(a)
Sample Added
(106 M)
Founda
(106 M)
Recovery (%) Average
recovery (%)
R.S.D. (%) Bias (%)
1 1.0 0.975 97.5 99.15 1.086 0.25
2 3.0 2.903 96.7 1.206 3.22
3 5.0 5.035 100.7 0.877 −0.70
4 8.0 8.133 101.6 0.572 −1.66
(b)
Sample Added
(106 M)
Founda
(106 M)
Recovery (%) Average
recovery (%)
R.S.D. (%) Bias (%)
1 1.0 0.9955 99.55 100.81 0.437 0.45
2 3.0 3.0406 101.35 0.455 −1.35
3 5.0 4.9880 99.76 0.119 0.24
4 8.0 8.2090 102.621 0.613 −2.61
a Average of ﬁve determinations.
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tion curve in the concentration range of 5.0 × 10−7 M to 3.0 × 10−6 M
and the linear equation is.
Ipa 10
−5A
 
¼ 0:014722C μMð Þ þ 1:683; R2 ¼ 0:983
 
ð5Þ
The limit of detection (LOD) is obtained as 8.41 × 10−9 M and con-
sequently the limit of quantiﬁcation (LOQ) is calculated as
2.80 × 10−8 M, corresponding to following equations;
LOD ¼ 3 s=m; LOQ ¼ 10 s=m
whereas s is the standard deviation of the currents of the blank solution,
and m is the slope of the calibration curve [64].
The analytical performances of the present electrochemical method
with some other relevant methods for the electrochemical measure-
ment of 6-MP were compared and are shown in Table 1. Referring to
their analytical performances, it is obvious that the present method is
comparable to or better than the others in one or more categories for
the determination of 6-MP [63,65–67].
3.7. Reproducibility and stability
The fabrication reproducibility for ﬁve MWCNT–CTAB/GCE was car-
ried out by comparing the oxidation peak current of 10 μmol L−1 6-MP
in a solution. The RSDwas 5.6% for 6-MP, indicating the good reproduc-
ibility of themodiﬁed electrode. After themodiﬁed electrodewas stored
for 8 days, only a small decrease of the oxidation peak current of 6-MP
was observed with the RSD of 3.15%, which could be attributed to the
excellent stability of carbon nanotube and surfactant.
3.8. Interference study
On the other hand, some organic compoundswere tested to check
their levels of interference in the determination of 6-MP. The toler-
ance limit was deﬁned as the concentrations of foreign substances,
which gave an error of less than ±5.0% at a concentration of
5.0 × 10−6 mol L−1 6-MP. The results suggested that 100-fold con-
centration of citric acid, gum acacia, dextrose, oxalic acid, starch,
tartaric has no inﬂuence on the signals of 6-MP in the selected poten-
tial range with deviations below 5%. Among the selected organic
interferents dopamine and ascorbic acid showed signiﬁcant inﬂu-
ence on the oxidation process.
3.9. Determination of 6-MP in real samples
To investigate the applicability of the proposed sensor for the deter-
mination of 6-MP in real samples, we selected serum and urine samples
for the analysis of 6-MP. The obtained results clearly demonstrate and
conﬁrm the capability of the MWCNT-CTAB/GCE in the voltammetric
determination of 6-MP with high selectivity, accuracy, and good
reproducibility.
3.9.1. In human serum sample
The detection of 6-MP in a human blood serum sample was investi-
gated. At ﬁrst, methanol 5% (v/v) was added to human serum samplesTable 1
Comparison of linear range and detection limits for 6-MP to different classical methods.
Methods Linear ra
MWCNT paste electrode 0.5–12.0
HPLC functionalized MWCNT modiﬁed GCE 40.0–0.0
MWCNT paste modiﬁed with cobalt salophen complex 0.1–0.00
HPLC functionalized MWCNT paste electrode 0.31–55
MWCNT-CTAB/GCE 0.5–4.0then it was centrifuged. All the samples were diluted with PBS
(pH 3.0), spiked with standard solutions of 6-MP by standard addition
method. The LSV method was applied to analysis of these samples.
The result show (Table 2(a)) an average recovery of 99.15% for 6-MP
added to the serum samples.3.9.2. In human urine sample
The developed differential voltammetric method for the 6-MP deter-
mination was applied to urine samples. The recoveries from urine were
measured by spiking drug free urine with known amounts of 6-MP. A
quantitative analysis can be carried out by adding the standard solution
of 6-MP into the detect systemof urine samples, and the peak linearly in-
creased in height. The calibration graph was used for the determination
of spiked 6-MP in urine samples. The detection results of four urine sam-
ples obtained are listed in Table 2(b). The result shows an average recov-
ery of 100.81% for 6-MP added to the urine samples.4. Conclusion
In this work, it was demonstrated that modiﬁcation of GCE with
MWCNTs decorated with CTAB surfactant is a new and effective
method for obtaining highly sensitive electrodes for electrochemi-
cal measurements. The procedure enables preparation of highly sta-
ble and reproducible uniform modiﬁer ﬁlms, which leads to a
considerable enhancement in repeatability and reproducibility in
the voltammetric measurements. A remarkable enhancement in
microscopic area of the electrode together with effective accumula-
tion of 6-MP on the surface of the modiﬁed electrode resulted in a
considerable increase of the peak current of 6-MP. High sensitivity
and improved detection limit of the MWCNT-CTAB/GCE are promis-
ing for the determination of trace amounts of 6-MP in real samples.
The proposed method is suitable for quality control laboratories as
well as pharmacokinetic studies where economy and time are
essential.nge (μM) LOD
(μ M)
Reference
μM 0.1 μ M [63]
01 0.2 [65]
1 0.1 [66]
0 0.1 [67]
0.00841 Present Work
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Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.sbsr.2016.11.002.
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